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Polycomb groupPolycomb group (PcG) genes are required for heritable silencing of target genes. Many PcG mutants have
chromatin bridges and other mitotic defects in early embryos. These phenotypes can arise from defects in S
phase or mitosis, so the phenotype does not show when PcG proteins act in cell cycle regulation. We
analyzed the cell cycle role of the proximal subunit of Polyhomeotic (PhP) in Drosophila. Time-lapse imaging
reveals that chromatin bridges formed during mitosis are able to resolve but sometimes result in
chromosome breakage. Chromosome bridging is also observed in canonical cell cycles occurring in larval
brains and is therefore not unique to the rapid embryonic cycles. PhP colocalizes with chromatin in S phase
but not in mitosis in early embryos, indicating a direct role in DNA synthesis. Time lapse imaging of php
mutants reveals an acceleration of S phase, showing that php regulates S phase length. Like php mutations,
mutations in DNA damage checkpoints result in S phase acceleration. Consistent with this model, mutations
in ph do not affect DNA synthesis rates, but exhibit impaired ability to block cell cycle progression following
exposure to gamma-rays. Our data show that the mitotic defects of php are caused by defects in the DNA
damage response that occurs after DNA replication in S phase, and we propose that PhP has a direct role in
DNA damage repair.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Maintenance of gene expression patterns is essential for normal
development. The proteins responsible are termed maintenance
proteins, which include the Polycomb (PcG) and trithorax (trxG)
groups. PcG proteins are required to maintain the silent state of genes,
whereas trxG proteins maintain the active state (Beck et al., 2009).
Silencing of PcG targets such as theHox genes is epigenetic andmust be
stable throughout the cell cycle, including mitosis and DNA replication.
About 20 PcG proteins have been characterized in higher eukaryotes
(Brock and Fisher, 2005). Most are chromatin proteins found in various
multisubunit complexes. The PcG protein Enhancer of zeste (E(z) is a
histonemethyltransferase that trimethylates histone H3K27, and dRing
is an E3 ubiquitin ligase speciﬁc for histone H2A. The PcG Repressive
complex 1 (PRC1) antagonizes nucleosome remodeling activity.
Genome-wide binding assays suggest that PcG proteins regulate
several hundred targets by binding speciﬁc sequences termed PcG
Response Elements (PREs; Ringrose and Paro 2004). These target
genes are often transcription factors important for development,
genes in signal transduction pathways, or regulate the cell cycle
(Oktaba et al., 2008). Abnormalities in cell cycle progression have
been reported for many PcG mutants indicating that PcG proteinssomehow coordinate cell cycle progression with the inheritance of
transcriptional patterns (O'Dor et al., 2006; Phillips and Shearn, 1990;
Gatti and Baker, 1989; Kodjabachian et al., 1998). The PcG gene po-
lyhomeotic (ph) encodes a subunit of PRC1. The ph locus is duplicated,
and the Proximal (PhP) and Distal (PhD) subunits are 85% identical.
However PhP but not PhD is in a complex that contains Pc, but not
Posterior Sex Combs or dRing (Wang and Brock, 2003). Consistent
with differing roles for PhP and PhD, mutations in php but not phd
cause mitotic defects in embryos (O'Dor et al., 2006).
EarlyDrosophila embryosprovide a convenient systemtoexamine cell
cycle progression. The ﬁrst 13 divisions are rapid, synchronous, have no
intervening gap phases, and do not involve cytokinesis, as embryos are
syncytial. Further, these cycles are driven bymaternally deposited factors,
so examination of 0-2 h embryos allows for convenient examination of
chromosome behavior during progression through S phase and mitosis.
Maternal-effect mutations of many PcG and trxG genes cause mitotic
defects in early syncytial embryos, such as mitotic bridges and nuclear
fallout (Yamamoto et al., 1997; Lupo et al., 2001, O'Dor et al., 2006).
Embryos from ph, Pc, Psc, and Asx mutant mothers have chromatin
bridges at anaphase and telophase (O'Dor et al., 2006). These bridges are
the result of a failure by sister chromatids to properly segregate.
Mitotic bridging at anaphase and telophase is a common phenotype
that can arise from defects in multiple cell cycle processes including
mutations ingenes coding for kinesin-like enzymes (Rogers et al., 2004),
a variety of regulatory kinases such as polo kinase (Donaldson et al.,
2001) and aurora-like kinases (Giet and Glover, 2001), replication
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(Xu and Du, 2003), and mei-41 (Sibon et al., 1999), genes involved in
sister chromatid segregation such as pimples and three rows (Stratmann
and Lehner, 1996; Philp et al., 1994), as well as defects in DNA
replication (Frenz and Glover, 1996; Sibon et al., 2000). Therefore the
observation that PcGmutations have chromatin bridges does not deﬁne
when PcG proteins act in the cell cycle.
Direct roles for PcG proteins have been suggested for many cell
cycle stages. Barren and Topoisomerase II, both of which are involved
in chromosome condensation colocalize with Pc at Hox gene PREs
during S-phase aswell asmitosis (Lupo et al., 2001; Cuvier andHirano,
2003). The mammalian ph homolog rae-28 coimmunoprecipitates
with the replication licensing factor geminin, and the Drosophila PcG
member Cramped co-localizes with PCNA during S phase (Luo et al.,
2004; Yamamoto et al., 1997). Tethering of Pc to an ampliﬁed
replication origin inhibits activity (Aggarwal and Calvi, 2004).
Polycomb group proteins play a direct role in the DNA damage
response in mammals and possibly in Drosophila. Consistent with this
model, disruption of DNA damage checkpoints leads to similar
mitotic phenotypes to those observed in php mutants (Stumpff et al.,
2004; Su et al., 1999). The mammalian PcG protein RYBP stabilizes p53
via MDM2 following DNA damage (Chen et al., 2009). A Polycomb-
like (Pcl) mammalian homologue localizes to double strand breaks,
and may promote homologous end joining over homologous
recombination as a repair mechanism (Hong et al., 2008). A similar
role for extra sex combs (esc) and Enhancer of Polycomb (E(Pc)) in
choice of repair process has been observed in Drosophila, and is likely
dependent on histone deacetylation by Rpd3 (Holmes et al., 2006). In
addition, Ring1B, a member of the mammalian PRC1 complex that
also contains Ph and Pc, mediates ubiquitination of H2A in response
to DNA damage, probably to facilitate chromatin relaxation or
mediate transcription pausing during repair (Bergink et al., 2006;
Guerrero-Santoro et al., 2008).
We have previously reported that php mutants exhibit severe
chromatin bridges and other cell cycle defects (O'Dor et al., 2006). Here
we show that PhP is localized to chromatin during S phase in syncytial
embryos, but dissociates during prophase and returns at telophase.Fig. 1. Chromatin bridges resolve or result in nuclear fallout. Time-lapse photographs of DAPI
the time-lapse images of DAPI is marked with an arrowhead. (A) Panels 1 and 2 are in me
bridged nuclei (both daughter nuclei are marked in panels 3–10) continue into subsequent st
and 2 showmetaphase. The chromatin bridges (panel 3) may cause nuclei to snap back and fu
in chromosome breakage, which later results in internalization of defective nuclei into theMutants in php progress through S phase at a faster rate than wild type
embryos. Together these results suggest a role for PhP in S phase but not
mitosis. Mutations in php do not affect rates of DNA synthesis, but fail to
exhibit cell cycle arrest following exposure to X-rays. We suggest that
PhP functions in the DNA damage response during S phase.
Results
Bridged Nuclei from in ph410 mutants resolve, fail to divide, or result
in fallout
Based on images of nuclei from ﬁxed embryos derived from
heterozygous php mutant mothers, we predicted that most chromatin
bridges in early embryogenesis resolve (O'Dor et al., 2006), because the
number of bridged nuclei observed in themutants is far greater than the
number of fallout or fragmented nuclei that should be observed if
chromatin bridges are not resolved (O'Dor et al., 2006). To determine if
chromatin bridges are resolved, we used time-lapse imaging to directly
observe chromatin dynamics during progression through syncytial
cycles in embryos derived from heterozygous ph410 mothers. The ph410
mutation disrupts only the proximal isoform of ph. Chromosomes were
visualized through the use of a transgene on chromosome 3 expressing
H2A.Z fused to GFP. Images were collected every 60 s in embryos
progressing through mitosis 10 through to mitosis 13. Fig. 1 shows
examples of the different outcomes of chromatin bridges, which either
resolve or result in chromosome breakage. An example of a resolving
telophase bridge is shown in Fig. 1A. The chromatin between the two
daughter nuclei separates as the nuclei re-circularize, and subsequent
divisions occur normally (Fig. 1A; data not shown).
Occasionally, telophase bridging immediately results in failure of
nuclear division. The chromosomes snap back to form polyploid
nuclei, become fragmented, or the nuclei leave the surface of the
embryo (nuclear fallout; Figs. 1B, C). Nuclei that failed to divide were
most frequently observed during mitosis 12 and 13 (Figs. 1B, C).
Nuclear fallout also occurred during the interphase immediately
following chromosome bridging, likely as a result of chromosome
breakage. Fig. 1C shows the formation of a chromatin bridge that-stained nuclei in stage 13 embryos were taken every 60 s. The nucleus being followed in
taphase, and chromatin bridges occur at anaphase (panel 3). However the previously
ages normally, showing that the bridges detected in anaphase are resolved. (B) Panels 1
se instead of dividing. (C) Chromatin bridges observed telophase (panels 1 and 2) result
embryo (complete by panel 10).
Fig. 2. Chromatin bridges occur during mitosis in php larval brains. Brains from third-
instar wandering larvae were ﬁxed, squashed, and stained with DAPI. The arrow points
to a pair of telophase nuclei that have failed to separate because they are joined by a
thick chromatin bridge. The other nuclei in the ﬁeld have segregated normally. Scale bar
represents 5 μm.
Fig. 3. PhP does not colocalize to chromatin during mitosis. 0–3 h wild-type embryos were la
dye (red). At S-phase (top row), all PH-P signal (green) is punctate and contained well w
condense in prophase (second row), less PH-P signal is detected within nuclei (white dotted
protein is outside of the nuclei in the common cytoplasm (arrowheads). At metaphase (top
syncytial cytoplasm (arrowheads) outside the nucleus (outlined in white dotted line). As ch
still contained outside nuclei (white dotted line). By telophase, (bottom row) most PH-P
presented in A were generated from a very thin (0.5 μm) stack of confocal sections to redu
322 S.A. Beck et al. / Developmental Biology 339 (2010) 320–328appears to resolve; however one of the daughter nuclei (arrowhead)
subsequently over-condenses and is internalized into the embryo.
Some nuclei with bridges that resolved were observed to fail at
subsequent mitotic divisions, indicating that chromosome breakage
may have occurred in one cell cycle, but the fallout is delayed until a
later cell cycle (data not shown).
Cell cycle defects are not restricted to early embryonic nuclear divisions
Since early embryonic mitotic cycles are unique, we wondered
whether the mitotic phenotype for polyhomeotic-proximal was
speciﬁc to these early divisions. To determine if later cell divisions
are also affected by a ph-proximal deﬁciency, brains of homozygous
ph409 third-instar wandering larvae were dissected, ﬁxed and
squashed prior to staining with DAPI, and compared to similar
preparations from wild-type larvae. All stages of the cell cycle can be
seen in the mitotically active nuclei of larval brains. Fig. 2 shows a
nucleus connected by chromatin bridges from ph409 larval brains thatbeled with a PhP-speciﬁc antibody (green). DNA was stained with TOTO-3 nucleic acid
ithin the nuclear periphery (outlined in white dotted line). As chromosomes begin to
line), and what remains is found close to the nuclear periphery. A signiﬁcant portion of
row), all PH-P signal (green) is punctate and almost entirely conﬁned to the common
romosomes begin to segregate in anaphase (Middle row), PH-P signal (arrowheads) is
relocalized into the nucleus (arrowhead). The scale bar represents 5 μm. The images
ce background signal.
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embryonic nuclei with chromatin bridges (O'Dor et al., 2006. These
bridged nuclei represent about 5% of total nuclei (data not shown),
and are never observed in brains of ph401 mutants, which lack the
distal subunit of ph, or in brains from wild type larvae (data not
shown). These observations conﬁrm that php mutations result in
mitotic bridges in both embryonic and canonical cell cycles.PhP does not localize to chromatin during mitosis
Chromatin bridges can arise from defects throughout S phase, as
well as mitosis (Su et al., 1999; Ji et al., 2004; Xu and Du, 2003; Sibon
et al., 1999; Frenz and Glover, 1996; Sibon et al., 2000; Rogers et al.,
2004; Donaldson et al., 2001; Giet and Glover, 2001; Stratmann and
Lehner, 1996; Philp et al., 1994). Therefore the time of action of PcG
proteins in embryonic cell cycles remains unknown. PcG proteins
leave chromatin during mitosis in older embryos (Buchenau et al.,
1998), which would suggest that they do not have direct role in
mitosis. To address whether PhP is present in syncytial blastoderm
embryos on chromatin during S phase or duringmitosis, 0–2.5 h wild-
type embryos were immunolabeled with an antibody against PhP. In
these early embryos, all Ph protein or mRNA is maternally deposited
because transcription of the embryonic genome does not begin
strongly until the completion of S phase 13 (Edgar and Schubiger,
1986). Therefore binding of PhP to chromatin during S phase in early
embryos is unlikely to arise because of a role in transcriptional
regulation, but this possibility cannot be excluded.
Fig. 3 shows that PhP binding is punctate during S and prophase.
PhP leaves chromatin before chromosomes align at metaphase, and
does not return until chromosomes decondense at telophase. PhP is
not detectable during the cell cycle stage that the chromatin bridge
phenotype occurs, but is detected during S phase, consistent with a
role at this stage of the cell cycle and with earlier reports on PcG
behavior in mitosis (Buchenau et al., 1998; Dietzel et al., 1999). To
conﬁrm that PhP is present during DNA replication in wild-type
embryos, we performed immunohistochemical analysis with anti-
bodies to PhP and to PCNA, the sliding clamp that recruits DNAFig. 4. PhP colocalizes to replicating regions during S phase. (A) Colocalization of PCNA and Ph
in Materials and Methods in 0–3 h wild-type embryos. Only nuclei with uniform distribution
sections to generate ﬁgures to prevent apparent colocalization in the projected stack. At late
overlaps with PCNA signal (PCNA/PhP). (B) Colocalization of Geminin and PhP. Using themet
phase nuclei of 0–3 h embryos. There is partial colocalization of Geminin and PhP. The scalpolymerase and other components of the replication fork (Moldovan
et al., 2007). As shown in Fig. 4A most of the nuclear PhP colocalizes
with PCNA in S phase. We carried out similar experiments with
antibodies to Geminin, which regulates DNA synthesis late in S phase
to prevent over-replication (Luo et al., 2004), and with antibodies to
PhP. Antibodies to these proteins show partial overlap in S phase,
nuclei, consistent with the PCNA data (Fig. 4B). These data do not
indicate that PhP interacts directly with PCNA or Geminin. We were
unsuccessful at showing co-immunoprecipitation of PhP and PCNA
(data not shown); however these data conﬁrm that PhP is present on
chromatin during DNA synthesis.Embryos from heterozygous phpmutant mothers have accelerated S Phases
The immunohistochemical results predict that PhP has a direct role
during S phase. Thus, embryos derived from heterozygous phpmutant
mothers should show altered progression through S phase but not
mitosis when compared to wild-type embryos. We used time-lapse
imaging to directly observe and measure progression through S phase
and mitosis in embryos derived from homozygous ph410 mutant and
wild-type mothers. About half of the ph410 embryos derived from
heterozygous mothers die before the end of analysis, so the data
shown in Fig. 5 are taken only from embryos that divided normally
throughout the experiment. A representative set of images from
mothers with the genotypes w/w; H2A.Z-GFP and ph410,w/w; H2A.Z-
GFP progressing through S Phase and Mitosis 12 is shown in Fig. 5A.
Entrance into mitosis or completion of S phase was determined by the
onset of chromosome condensation, and entrance into S phase or
completion of mitosis was determined by completion of chromosome
decondensation. Similar imageswere collected frommultiple (n=4–6
per stage) embryos. The average timing of each cell cycle stage from
cell cycle 11 to 13 was determined for each embryo by averaging the
times from 5 individual nuclei. The average length of each S phase and
mitosis was determined for each genotype. Embryos from ph410,w/w;
H2A.z-GFPmothers completed S phase signiﬁcantly faster inmitosis 11
and 12 (Pb0.05, unpaired Student's t test) compared to the control
embryos (Fig. 5B). S phase atmitosis 11 and 12was 42% and 32% fasterP. PCNA (blue) and PhP (green) were detected using polyclonal antibodies as described
of DNA that marks S phase were examined (data not shown). We used 0.1 μm confocal
S-phase, PCNA signal is more abundant than PH-P, but most of the punctate PH-P signal
hods described for Fig. 4A, we examined localization of Geminin (blue), PhP (green) in S
e bar represents 5 μm in Figs. 4A and B.
Fig. 5. S phase is accelerated in the syncytial divisions of phpmutant embryos. Time lapse confocal images were taken every 60 s of syncytial cell divisions in wild-type embryos and
embryos derived from heterozygous ph410 mothers. Both strains express histone H2A.Z fused to GFP to allow detection of chromosomes. Cell cycle staging was determined by
chromatin condensation. (A) Representative images of progression through one cell cycle in a wild-type (WT) control and embryos derived from heterozygous ph410 mutant
mothers (MUT). The duration of S phase is accelerated in ph410mutants. (B) Time inminutes for S phase andmitosis of cell cycles 11–13. The left panel shows timing of S phase (S11–
13) and the right panel shows timing of mitosis (M11–13 respectively) in wild-type (WT-black bars) and ph410 embryos derived from heterozygous mothers (MUT-grey bars). Cell
cycle timing was determined from 5 nuclei per embryo, and 5 embryos per genotype were used to determine the mean. Error bars represent standard error of the mean. We used the
unpaired Student's t test to calculate signiﬁcance. Calculated t values were 4.34 and 2.65 with seven degrees for S phase 11 and 12, and 2.04 with 9 degrees of freedom for S phase 13.
The acceleration in S phase 11 and 12 is signiﬁcant at Pb0.05, but there is not a signiﬁcant difference at S phase 13. There is no signiﬁcant difference in duration of mitosis between
control embryos (black bars) and embryos derived from heterozygous ph410 mothers (grey bars) (black bars) at mitoses 11–13.
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mitosis 13was 28% faster inmutants, but this resultwas not signiﬁcant
at Pb0.05 because of the high variability in different embryos.
The timing difference in php mutants occurs only during S phase.
There was no difference between the mutant and control embryos
during any of themitotic stages (Fig. 5C). These results suggest that ph
plays a role in controlling S phase length. Loss of php results in
aberrant S phases, which could lead to the chromosome segregation
problems that become visible at anaphase and telophase.
ph410 mutants do not have accelerated rates of DNA synthesis in wing discs
The faster progression through S phase observed in embryos
derived from heterozygous php mutants could arise because DNA
replication is faster, perhaps because an altered chromatin structure
in mutants allows use of cryptic origins of replication or greater
processivity of the DNA polymerase. To test this hypothesis wemeasured DNA synthesis rates in imaginal disks of wild-type and
homozygous ph410 mutants. Wing discs were cultured in tissue
culture medium containing tritiated thymidine for 40 min. Under
these conditions, we did not did not detect incorporation of label until
after 20 min, presumably because there was a lag until tritiated
thymidine formed a signiﬁcant percentage of the endogenous
thymidine pool (data not shown). Total DNA was isolated, and half
of the sample was used to spectrophotometrically quantitate the
amount of DNA, and the remainder was used to determine thymidine
incorporation as a measure of DNA synthesis. As shown in Fig. 6A,
there is no signiﬁcant difference in DNA replication rates in wing discs
of wild-type and php mutants.
Php mutants do not affect CyclinA expression in 0–2 h embryos
The results reported here do not rule out an indirect effect on S
phase caused by derepression of genes that regulate S phase.
Fig. 6. Homozygous ph410 mutants do not have accelerated rates of DNA synthesis or
derepressed CycA relative to wild-type discs. (A) The amount of thymidine
incorporated in 40 min into total DNA of wing discs cultured in vitro with tritiated
thymidine does not differ between imaginal discs from wild-type (WT) and
homozygous ph410 mutants (MUT), showing that there is no change in DNA synthesis
rate in mutants compared to wild-type. Data are expressed as dpm relative to DNA
concentration. Error bars represent SEM. (B) Quantitation of CycA transcripts in 0–2 h
embryos. The amount of CycA transcripts in 0–2 h embryos was quantiﬁed as described
in the Materials and Methods, and expressed relative to the amount of Rp32L. There is
no signiﬁcant difference between relative CycA levels in wild-type (WT) or
homozygous ph410 (MUT) embryos. No CycA was detected in samples in which reverse
transcriptase was not included (RT−) compared to RT+ samples.
Fig. 7. php mutants are unable to arrest cell division in response to DNA damage. The
number of mitotic nuclei was determined by staining with an antibody speciﬁc to
phosphorylated serine 28 of Histone H3 (AbCam) that marks mitotic cells, before and
after irradiation by a 60Co source. (A) Representative images of larval imaginal discs
fromwild-type (WT) and homozygous ph410mutants (MUT) in non-irradiated controls
(Rad−) and following exposure to 500 RAD of radiation (Rad+). Scale bar represents
100 μm. (B) Average number of mitotic nuclei per disc (n=3) fromwild type (WT) and
homozygous ph410 mutants (MUT). Following irradiation, discs from homozygous
ph410 mutants have many more cells which failed to arrest before entry into mitosis
than do WT discs. Error bars represent standard deviation.
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sion of CyclinA (CycA) that in turn causes acceleration of S phase
(Martinez et al., 2006). In wild-type embryos, maternal CycA regulates
cell cycles 1–13. Zygotic transcription of CycA begins at cell cycle 11,
and zygotic CycA continues to regulate cell cycles until the end of cell
cycle 14–16. To test the hypothesis that accelerated S phases in cell
cycles 11 and 12 result from derepression of maternal or early zygotic
CycA expression, we examined CycA expression levels in 0–2 h
homozygous ph419 embryos. As shown in Fig. 6B, there is no
signiﬁcant difference in CycA levels in homozygous ph410 compared
to wild-type embryos.
php mutants fail to arrest cell divisions in response to DNA damage
In addition to DNA synthesis rates, S phase length is also
dependent on DNA damage checkpoints which slow cell cycle
progression to allow for repair of damaged DNA (Sibon et al., 1997,
1999; Ji et al., 2004; Stumpff et al., 2004). The absence of an effect of
php mutants on DNA synthesis suggested that mutation of PhP might
cause S phase acceleration because it is required for DNA damage
repair, or alternatively, because it regulates genes required for DNA
damage checkpoints. Therefore we assayed DNA damage response in
wild-type and php mutants using an assay that determines the ability
of imaginal disc cells to arrest before entrance into mitosis following
exposure to γ-rays from a 60Co source (Laurencon et al., 2003).
Homozygous ph410 and wild-type third instar larvae were collected
and exposed to 5 Gy of radiation. After 1.5–2 h, imaginal discs were
dissected and ﬁxed, and the number of cells in mitosis was
determined by staining with the mitotic marker anti-phospho-
Histone H3 (Fig. 7A). Discs from control embryos were not exposed
to radiation. Interestingly, discs from larvae mutant for php have moremitotic nuclei than discs from wild type larvae (Figs. 7A, B). As shown
in Fig. 7B in wild-type disks the average number of nuclei in mitosis
per disc after irradiation is reduced by more than 70%. However in
ph410 mutant larvae, after irradiation the number of mitotic nuclei is
only reduced by 15%, showing that the ability to arrest the cell cycle
before entrance into mitosis is impaired relative to wild type. This
decrease in the ability to arrest the cell cycle in response to DNA
damage supports a role for php in the DNA damage checkpoint.
Discussion
Php is required for proper progression through both S phase and
mitosis, but timing defects and localization of PhP to chromatin occur
only during S phase. The fact that the timing of S phase is altered in
ph410 mutants, but the timing of mitosis is not (Fig. 5), strongly
suggests that Php has a role in S but not M phase. Therefore, we
suggest that the chromosome bridging which occurs at anaphase is a
carryover from a defect occurring during S phase in php mutants.
There is precedence for visible defects in mitosis arising from
mutations for factors involved in S phase. Human Orc6 mutants
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in php mutants, bridges do not resolve and segregation fails
completely (Prasanth et al., 2002). Chromatin bridges are most
commonly observed in Drosophila syncytial embryos with replication
checkpoint defects (Su et al., 1999; Ji et al., 2004; Xu and Du, 2003;
Sibon et al., 1999; Stumpff et al., 2004).
The lack of chromatin association of PhP during syncytial
mitoses indicates that PhP does not play a direct role in mitotic
processes (Fig. 3). This mitotic dissociation may be a common
characteristic of many PcG proteins in many species, though its
function is unknown (Miyagishima et al., 2003; Akasaka et al.,
2002). During S phase, PhP binding to chromatin overlaps with
replicating regions as observed by localization of PCNA and Geminin
(Fig. 4). This is consistent with in vitro data that PcG binding is
stable to DNA replication (Francis et al., 2009).
We suggest that the visible mitotic defects of ph mutants arise
because PhP has a role in the DNA damage response. Such a role for
PhP is strongly suggested by the lack of cell cycle arrest in ph410
mutants following irradiation (Fig. 7). Importantly, mutations in
genes with replication checkpoint defects exhibit accelerated S phases
(Sibon et al., 1997, 1999; Ji et al., 2004; Stumpff et al., 2004). The
congruence of phenotypes between replication checkpoint and php
mutants (Fig. 5) strongly supports a role for php in the DNA damage
response. The role of PhP in the damage response is likely general and
not developmentally speciﬁc. Chromatin bridging was observed in
larval brain nuclei as well as syncytial embryos (Fig. 2; O'Dor et al.,
2006), indicating that they occur in both canonical cell cycles as well
as the rapid specialized divisions during embryogenesis. Further, in
discs from non-irradiated larvae the number of nuclei inmitosis is 80%
higher in php mutants than in wild type (Fig. 7), consistent with
occurrence of accelerated cell cycles in discs.
PhP overlapswith PCNAandGeminin during S phase, suggesting the
role of PhP in S phase is direct (Fig. 3). PCNA also localizes to regions
undergoing DNA repair (Moldovan et al., 2007), so it is unknown
whether the regions where PCNA and PhP overlap are undergoing
replication or repair. A direct role in DNA repair has been suggested for
other PcG proteins (Chen et al., 2009; Hong et al., 2008; Bergink et al.,
2006). In mammals, a member of the PRC1 complex ubiquitinates
histone variant H2A.z in response to damage (Bergink et al., 2006).
However the modiﬁcation appears to occur during a late repair step, as
there is no accumulation of ubiquitin in cells deﬁcient in repair (Bergink
et al., 2006). Any direct role of PhP in the checkpoint response must
occur before initiation of cell cycle arrest and repair, because loss of PhP
results in an inability to arrest the cell cycle (Fig. 7). However, we
note that the irradiation assay does not rule out an additional role of
PhP in DNA repair, because in this assay, checkpoint abrogation
would prevent us from detecting a role in DNA repair.
Much evidence supports the idea that genes important in cell cycle
regulation are PcG targets (Oktaba et al., 2008 and references therein),
suggesting that embryonic defects may arise due to misregulation of
maternally expressed genes. We can exclude the possibility that
derepression of CycA accounts for S phase acceleration in embryos
derived from heterozygous ph410 mothers. It is unlikely that
derepression of CycA accounts for S phase acceleration in embryos
derived from heterozygous ph410 mothers. However, we cannot rule
out the possibility that acceleration of S phase is an indirect
consequence of the ph mutation causing maternal derepression of a
gene whose product regulates S phase length in early embryos.
Furthermore we suggest that PcG regulation of genes required for the
DNA damage response is unlikely to explain our data because loss-of-
function mutations in ph or Pc should lead to derepression (i.e. gain of
function) of genes important for the DNA damage response. As loss of
function rather than gain of function mutations in checkpoint genes
have the same phenotype as ph mutations, it is very unlikely that Ph
(or Pc) directly regulates genes required for the DNA damage
response.Roles for PcG proteins in the DNA damage response have been
observed previously in both mammals and Drosophila (Chen et al.,
2009; Hong et al., 2008; Holmes et al., 2006; Bergink et al., 2006).
Binding of PhP to chromatin during DNA replication (Figs. 2–3) could
function early in the DNA damage response to signal in response to
damage, possibly speciﬁcally at PcG binding sites. Similar to DNA
replication, the epigenetic states of target genes must be maintained
during repair of damaged regions. When damage occurs in regions of
the genome occupied by PcG proteins, PhP could function in a locus
speciﬁc checkpoint that promotes cell cycle arrest and repair of
damaged DNA using a mechanism that promotes faithful propagation
of both genetic and epigenetic information.
Materials and Methods
Drosophila stocks, genetic crosses, and embryo collection
All crosses were performed at 25 °C in vials containing standard
cornmeal-agar medium supplemented with live yeast paste. For live
imaging, w; +; H2A.Z-GFP virgin females were used with an equal
number of OR males in cages for embryo collection. w; +; H2A.Z-GFP
virgin females were mated with ph410 w; + males, and all resulting
virgin females were used with an equal number of OR males in cages
for embryo collection. Embryos were collected at 25 °C/75% relative
humidity from approximately 200 females in an embryo collection
chamber. Eggs were deposited onto laying plates containing a semi-
solid surface of 5% sucrose, 2% agar and 2% apple cider vinegar,
supplemented with live yeast paste. Flies were acclimatized to the
laying chamber for 3 days before embryos were collected for ﬁxation,
with frequent changing of laying plates to reduce collection of stored
eggs. Females were permitted to lay for 3 h, then the laying plate was
removed and embryos were ﬁxed immediately.
Embryo ﬁxation and rehydration
Embryos on laying plates were immediately washed into a nylon
sieve to remove traces of yeast, and immersed into 50% bleach for
2min to dechorionate. Embryoswerewashedwith cold EmbryoWash
Buffer (120 mMNaCl; 0.02% Triton X-100), followed by a water wash.
Embryos were immediately transferred into 5 mL of 3.7% formalde-
hyde ﬁxative in 1X Phosphate Buffered Saline (PBS; Sambrook et al.,
1989) overlayed with 5 mL heptane embryos were shaken gently for
20 s and then ﬁxed at room temperature for 20 min with rotation.
After ﬁxation, the formaldehyde layer was removed and 5 mL of
methanol was added to dehydrate and devitellinize embryos. Fixed
devitellinized embryos were washed in 5 mL methanol and were
either immediately processed for staining or stored in methanol at –
20 °C. Fixed embryos were rehydrated in 5 mL of freshly prepared PBT
(1X PBS, 1% Bovine Serum Albumin, 0.05% Triton X-100, pH 7.4))
solution for 20 min at room temperature on a rotator, followed by
several rinses in fresh PBT.
Nucleic acid staining of ﬁxed embryos
Fixed and rehydrated embryos were overlayed with 40 μL of
10 mg/mL RNaseA (Sigma) at 37 °C for 2 h. Embryos were rinsed
twice with 5mL PBT and then stained in the dark with the nucleic acid
dye TOTO-3 (Molecular Probes) at 2 μM in PBT for 20 min at room
temperature. Embryos were washed twice for 10 min each in 1 mL
PBT, PBT was removed and embryos were suspended in PBS contain-
ing 90% glycerol and 2% Dabco solution as an antifade agent (Sigma)
or in Vectashield mounting medium (Vector Laboratories). Embryos
were mounted onto cleaned glass slides and coverslips were sealed
with nail polish. Slides were kept at 4 °C in the dark until viewed with
a confocal microscope.
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Embryos were overlayed with 40 μL of 10 mg/mL RNAseA (Sigma)
at 37 °C for 2 h. Embryos were rinsed twice with 5 mL PBT before
incubationwith the primary antibody for 90min at room temperature
on a rotator. The antibody titres used were as follows: rabbit a-PCNA
1:200 (AbCam); rabbit a-Polyhomeotic-Proximal N-terminal unique
region 1:500 (Hodgson et al., 1997). In some cases primary antibodies
were labeled directly with the Zenon rabbit IgG labeling kits
(Molecular Probes). Embryos were then washed three times for
20 min each in PBT. If labeled primary antibodies were used, embryos
werewashed oncemore in PBS, followed by re-ﬁxing of embryos in 4%
formaldehyde solution in PBS for 15 min at room temperature to
prevent loss of ﬂuorophore-antibody conjugation (as per manufac-
turer's directions). Unlabeled antibodies were visualized using
ﬂuorophore-coupled secondary antibody diluted in 1:100 in PBT at
a ﬁnal volume of 500 μL for 2 h at room temperature on a rotator,
followed by a minimum of four 30 min washes in 5 mL PBT. Embryos
were then stained with TOTO-3 (Molecular Probes) as described
above, and then washed twice in 1 mL PBT. PBT was removed and
embryos were mounted as described above.
Preparation and staining of larval brains
Protocols were modiﬁed from Henderson (2004). Brains (includ-
ing larval brain hemispheres and ventral nerve cord) from third-instar
wandering-stage larvae were dissected in 0.7% NaCl. All attached
tissue including imaginal discs was removed, and brains were
immersed in ﬁxative solution (11:11:12 methanol/acetic acid/
distilled water) 45% acetic acid for 20 s. Brains were transferred to a
drop of 45% acetic acid on a clean siliconized coverslip for 2 min.
Brains were squashed with a glass slide and the coverslip removed.
The slide was then frozen in liquid nitrogen for 30 s, and immediately
placed in 100% ethanol to dehydrate. Slides were air-dried and stored
at 4 °C for further processing. Slides were rehydrated in 2x SSC
(300mMNaCl, 30mM sodium citrate, ph 7.0) for 5min and immersed
in 2X SSC containing 0.2 μg/mL DAPI for 5 min. Slides were brieﬂy
rinsed in 2x SSC and allowed to air-dry. Slides were mounted in
Vectashield until analyzed by confocal microscopy.
Confocal microscopy and image rendering
Embryos stained with nucleic acid stain TOTO-3 only were
visualized using a Bio-Rad Radiance Plus Laser Scanning Confocal
Microscope or a Bio-Rad Radiance 2000 Multiphoton Confocal
Microscope. DAPI stained embryos for scoring mitotic phenotypes
were visualized using a Zeiss Meta Confocal Microscope. All embryos
from a given collection were scanned, but embryos that did not
survive through 13 nuclear divisionswere not included in the data set.
Confocal slices were collected and projected using NIH Image
software, and ﬁgures were generated using Adobe Photoshop
software. For live imaging, embryos were prepared as described in
Stumpff et al. (2004). Images were collected as ∼7 μm stacks every
60 s using a Zeiss Meta Confocal Microscope. Embryos that did not
survive to the end of mitosis 13 were not included in the data set to
reduce artifacts produced by the imaging process.
Thymidine Labeling
Four imaginal wing discs were dissected from third instar larvae
for each replicate. The discs were incubated in 5 μL of a solution
consisting of 6:5 mixture of Grace's Insect Medium (Gibco) and
radioactively labeled thymidine, [methyl-3H] (PerkinElmer) for
40 min. After the incubation the discs were immersed in 50 μL of
lysis buffer (396 μL of 1X TE and 4 μL of 1% SDS) for a minimum of
15 min and were then ﬂash frozen in liquid nitrogen and kept at
−20 °C overnight. The replicates were thawed in a 37 °C water bathand DNA was extracted using phenol-chloroform. Half the aqueous
layer was used to recover labeled DNA by TCA precipitation on glass
ﬁber ﬁlter. Samples were counted in scintillation ﬂuid (BSC-
Amersham). DNA was quantitated from another aliquot of the
aqueous layer using Quant-iT PicoGreen dsDNA (Invitrogen) and
ﬂuorescence was measured on a Nanodrop ND-3300 Fluorospect-
rometer. Amersham's BCS scintillation ﬂuid. Thymidine incorporation
was expressed as dpm/relative ﬂuorescence unit (rfu).
Determining CycA levels in embryos
Wild-type or homozygous ph410 embryos were allowed to lay for a
2 h period to purge stored eggs, and then allowed to lay for a further
2 h. Embryos were dechorionated, rinsed extensively with water to
remove bleach, and then homogenized in Trizol (Invitrogen). Total
RNA was extracted according to the manufacturer's protocol, treated
with DNase I (Ambion) for 60 min. DNase I was inactivated (Ambion)
and the RNA recovered was quantiﬁed using the Quant-iT RNA Assay
kit (Molecular Probes, Invitrogen). First-strand cDNA synthesis was
performed with 4.5 μg total RNA primed with 250 ng random
pentadecamer using 200 U SuperScript III reverse transcriptase
(Invitrogen) at 50 °C for 60 min. For quantitative PCR (qPCR) analysis
of CycA and Rpl32 L transcripts in wild-type and ph410 mutant
embryos, the cDNA was diluted to an amount equivalent to 60 ng of
the input total RNA, and ampliﬁed with 1 U Hot Start Taq polymerase
(Fermentas) in a 25 μL reaction containing 2.5 mM MgCl2/0.2 mM
dNTPs/2 μM primers/EvaGreen dye (Biotium) as follows; one cycle at
95 °C for 5 min; 40 cycles at 95 °C for 20 s/55 °C for 20 s/72 °C for 20 s.
Primers for ampliﬁcation were: CycA (forward 5′- CGGTCGCAGT-
CAGCCAGTCG-3′ and reverse- 5′-CACCGTGGACAGACGCGAATG-3′);
Rpl32L (forward 5′-GCCCAAGATCGTGAAGAAGC-3′ and reverse 5′-
CTGTTGTCGATACCCTTGGG-3′). A dilution series was used to generate
standard curves for CycA and Rp32L. All ampliﬁcation reactions were
done in StepOnePlus Real Time PCR system (ABI) The results were
expressed as CycA expression normalized to Rpl32L.
DNA Damage Response
The experiment was performed essentially as described in
Laurencon et al. (2003). Wandering 3rd instar larvae were irradiated
with 5 Gy from a 60Co source, or collected as control. Discs were
dissected after 1.5–2 h, and stained with anti-phospho Histone H3
Ser28 (AbCam) at a dilution of 1/500, followed by nucleic acid
staining with DAPI at a concentration of 2.5 μg/mL. Discs were
mounted in Vectashield (Vector Laboratories).
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